Cytokines are pivotal in the generation and resolution of the inflammatory response. The midkine/pleiotrophin (MK/PTN) family of cytokines, composed of just two members, was discovered as heparin-binding neurite outgrowth-promoting factors. Since their discovery, expression of this cytokine family has been reported in a wide array of inflammatory diseases and cancer. In this minireview, we will discuss the emerging appreciation of the functions of the MK/PTN family in the immune system, which include promoting lymphocyte survival, sculpting myeloid cell phenotype, driving immune cell chemotaxis, and maintaining hematopoiesis.
Introduction
MK and PTN comprise a two-member family of heparin-binding cytokines. MK and PTN are roughly 50% homologous in amino acid sequence in mammals [1] . Mouse MK shares 87% homology in amino acid sequence with human MK, whereas human PTN shares 97% amino acid sequence identity to mouse PTN and shares 72% amino acid homology with Xenopus laevis [2] . MK was first identified as a highly expressed factor produced during the early stage of retinoic acid-driven differentiation of embryonal carcinoma cells [3] . In 1991, it was independently discovered as a growth factor in the bovine brain, which promoted the proliferation of bovine brain capillary cells in vitro [4] . PTN was first discovered as a heparinbinding, soluble protein present in the developing rat brain, which promoted neurite outgrowth in vitro [5] . In 1992, it was separately identified as a secreted growth factor produced by human breast cancer cells [6] .
Fitting their respective scientific origins, much of the focus on the MK/PTN family has been on the function of MK/PTN in angiogenesis, the central nervous system, and cancer. Although PTN and MK are expressed in many different inflammatory diseases, little is known about their function in that regard. In this review, we will discuss the expression patterns of the MK/PTN family, including their putative receptors and what is currently known about their function in hematopoiesis, inflammation, and immunity.
MK/PTN: GENERAL EXPRESSION PATTERNS
MK and PTN are expressed widely during development, yet mice deficient in either MK or PTN display no overt developmental defects [7] . However, MK and PTN DKO mice exhibit a genedosage effect. Mice null for PTN or MK are born at expected mendelian ratios, whereas DKO mice are born at 33% of the expected ratio [7] . DKO mice also have a lower average weight and fail to gain significant weight on a high-calorie diet. In DKO males, 100% of individuals are fertile; conversely, 79% of females are sterile, which may be due to abnormal follicular maturation in ovaries and vaginal malformation. For more information on the function and expression of MK and PTN in development, see Kadomatsu et al. [8] .
The expression of MK and PTN in healthy adult mice is restricted. In adults, significant PTN expression is limited largely to the central nervous system, with detectable, low-level expression in the breast epithelium, placental tissue, testis, bladder, and stomach [9, 10] . PTN is also expressed by vascular endothelial cells of the hematopoietic stem cell niche [11] . Conversely, MK is expressed in the kidney [12] , gut [13] , epidermis [14] , and bronchial epithelium [15] . Interestingly, PTN is up-regulated significantly in multiple tissues of MK-deficient mice, but there are no detectable differences in MK expression in PTN-null mice [16] . These results suggest that PTN may compensate for the loss of MK, but the converse does not hold true.
MK/PTN FAMILY RECEPTORS
Robust heparin binding was one of the first characteristics identified in the MK/PTN family [5, 17] ; thus, it comes as no surprise that the first receptors identified for MK/PTN were heparin-and chondroitin-sulfate proteoglycans. MK and PTN bind cell-surface proteoglycans, including Sdc1-4 and RPTP-b, with similar affinities. Sdc1 is primarily expressed on epithelial and malignant plasma cells, Sdc2 is expressed by fibroblasts and endothelial cells, and Sdc3 is found almost exclusively in the central nervous system, whereas Sdc4 is expressed more widely [18] . However, similar to MK and PTN, the expression of the syndecans is also modulated by tissue damage and inflammation [19] [20] [21] [22] . In immune cells, the syndecans are mediators of migration, activation, and cell survival [20, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] (see Table 1 ) and are expressed broadly. The only well-characterized MK/ PTN/Sdc interaction is between PTN and Sdc3. Ligation of Sdc3 by PTN promotes neurite outgrowth and cell migration [37, 38] (Fig. 1) . However, the biologic contexts and consequences for specific MK/PTN/Sdc interactions are largely unknown.
MK/PTN/RPTP-b interactions are characterized as driving neurite outgrowth and cell survival [39, 40] (Fig. 1) ; an effect mediated by activation of ALK, which is a substrate of RPTP-b. Ligation of RPTP-b by PTN prevents RPTP-b from dephosphorylating ALK, thus permitting ALK activity [41] . RPTP-b was originally thought to be restricted to the central nervous system; however, it was recently identified on B cells and HSCs, where it functions to promote cell survival [11, 42] , although ALK expression by B cells remains unreported. Whether PTN or MK directly ligate ALK is disputed in the literature [43, 44] , but recent evidence demonstrates that FAM150A/B are bona fide ligands for ALK [45] [46] [47] [48] . Regardless, it is clear that, at least in the presence of RPTP-b, MK/PTN and ALK biology are intertwined [41, 49] .
Nonproteoglycan receptors are also reported to interact with MK and PTN. MK can directly interact with a4b1 and a6b1 integrins [50] , whereas PTN interacts with avb3 [51] (Fig. 1) . On immune cells, a6b1, a4b1, and avb3 mediate cell migration and adhesion, and a4b1 is also implicated in B and T cell development [52] [53] [54] [55] [56] [57] . Direct MK/PTN/integrin interactions promoting cell migration are implicated in multiple cell types, suggesting that these interactions perform similar functions on immune cells [50, 51, 58] .
MK has also been identified as a high-affinity ligand for lowdensity Lrp1 [59] . Lrp1 is thought to attenuate proinflammatory macrophage activation [60] . MK/Lrp1 signaling also promotes cell survival and may stimulate PMN haptotaxis [59, 61, 62] . MK and PTN also bind to NCL, albeit with significantly lower affinity relative to other cell-surface receptors [63] [64] [65] . NCL is ubiquitously expressed and may be involved in recognition of early apoptotic cells by macrophages [66] . The interaction between NCL and MK/PTN promotes nuclear localization, endothelial cell migration, and cell survival [58, 67, 68] (Fig. 1) .
Understanding MK/PTN signaling through their respective receptors is hampered by the fact that MK/PTN interact with numerous cell-surface proteins, and their putative receptors also interact with a variety of other ligands. Thus, elucidating the functional contribution of MK/PTN signaling requires knowledge of potential receptor expression. Table 1 provides a summary of MK/PTN receptor expression and putative function on immune cells.
REGULATION OF MK/PTN EXPRESSION
MK and PTN expression are elevated in response to inflammatory cytokines; MK induction may be driven by NF-kB because the MK promoter contains a putative NF-kB-responsive element [69] . PTN expression can be positively regulated by IFN-b and IFN-g [70, 71] . For example, in THP-1 monocytic cells and mouse peritoneal macrophages, IFN-g promotes PTN expression via an IFN-g-responsive promoter element [71] . Additionally, high-molecular-weight hyaluronan, an inhibitor of TLR4 activity, decreases the expression of PTN in a murine model of Th1-type autoimmune disease, implicating PTN as a TLR4-responsive gene [72] ]. Consistent with this, TNF-a can stimulate the expression of MK and PTN in monocytes and tumor cells, validating MK/PTN expression as effectors of inflammatory cytokine activity [73] [74] [75] . Lymphocytes are also reported to express MK or PTN after stimulation. For instance, MK expression is elevated in T cells after activation with anti-CD3/CD28 Abs and in peripheral blood lymphocytes in response to IL-2 or IFN-g [76] . However, neither CD3/CD28 activation nor IL-2 or IFN-g treatment promotes PTN expression in lymphocytes, demonstrating a differential regulation of MK and PTN expression depending on the context. Overall, these data suggest that immune cells may be a significant source of MK/PTN in inflammation and cancer.
Of the nonimmune-affiliated cytokines, MK and PTN are positively regulated by epidermal growth factor (EGF) [75, 77] and FGF-10 [77] . PTN is also up-regulated by FGF2 or basic FGF [78] and platelet-derived growth factor [79, 80] and is downregulated by VEGF-A [81] .
A variety of noncytokine-related pathways can also affect expression of MK and PTN. For example, the activation of ER-b and subsequent protein kinase Cd activation stimulates MK expression [82, 83] , whereas ER-a can negatively regulate MK expression [84] ]. Further, retinoic acid stimulates MK expression but has no effect on PTN expression, even though the promoters for each gene contain putative retinoic acid-responsive elements [85] . In contrast, progesterone and testosterone augment PTN expression but have little effect on MK [86] . Additionally, MK and PTN expression are reduced in response to glucocorticoid receptor activity [85, 87] ].
Downstream of MK/PTN, there is evidence that this family can influence the expression of immunomodulatory cytokines. IL-1b, IL-6, and TNF-a are up-regulated in PBMCs in response to PTN [88, 89] . Furthermore, in a murine model of peritoneal fibrosis, PTN-null mice had decreased IL-1b, TNF-a, and TGF-b expression. PTN also mediates the expression of VEGF-A in colorectal cell lines [90] and HB-EGF in primary osteoblasts [91] . In an ischemic renal injury model, MK was shown to stimulate expression of the chemokines MIP2/CXCL2 and MCP-1/CCL2, respectively [92] . This supports an immunomodulatory function of MK/PTN signaling through mediating the expression of cytokines and chemokines.
EXPRESSION OF MK/PTN FAMILY IN TISSUE DAMAGE AND INFLAMMATORY DISEASES
MK and PTN expression are elevated after injury in many tissues, including brain [93, 94] , blood vessels [95] , heart [96, 97] , and kidney [92] . Additionally, PTN expression is increased in bone marrow endothelial cells in mice exposed to total-body irradiation [98] . In a study of the toxicity of depleted uranium on peritoneal macrophages, MK was identified as a responsive gene [99] . Furthermore, PTN is increased in response to hydrogen peroxide [100] , and the expression of MK and PTN are increased after exposure to ethanol in vitro and in vivo [101, 102] . These data support the MK/PTN family as being effectors of oxidative stress.
The expression of MK/PTN is also stimulated by hypoxia. HUVECs, monocytes, and PMNs show increased MK expression under hypoxic conditions [62] . In PMNs, this effect could be reproduced using cobalt chloride, indicating that MK is a HIF1a-responsive gene [62] . Indeed, HIF-1a directly drives MK expression via a hypoxia-responsive element in the MK promoter [103] . PTN expression is also elevated in response to hypoxia. For example, PTN expression is increased in hepatic stellate cells and cardiomyocytes in response to hypoxia in vitro, and PTN secretion is elevated by endothelial cells and macrophages in response to acute ischemic brain injury [94] . However, unlike MK, it is unknown whether PTN itself is a HIF1a-responsive gene.
One function of MK/PTN that is widely covered in the context of tissue damage is angiogenesis. In a model of hindlimb ischemia, MK-null mice exhibited impaired angiogenesis [62] . PTN, which is often cited as a proangiogenic factor, is only weakly mitogenic for endothelial cells in vitro [104] . However, in a rat model of myocardial ischemia, PTN promoted the development of functional blood vessels [105] . Furthermore, there are multiple reports of PTN promoting tumor angiogenesis, although, in some cases, it may be angiostatic (for review, see Papadimitriou et al. [10] ,). It is clear that MK and PTN are not required for developmental angiogenesis because there are no apparent vascular abnormalities in MK-or PTN-null mice [10] , Sdc4-null mice are more susceptible to LPS-mediated lethality [22] Rapidly induced on activated T cells [31, 34] Binding to DC-HIL at the immunologic synapse perturbs T cell activation [30] Expressed on a small subset (;10%) of splenic T cells [26] Neutrophil migration [27] May regulate T cell proliferation [ Lymphocytes, monocytes and macrophages, granulocytes, neutrophils, eosinophils [56] Adhesion and migration [56] avb3 Monocytes, macrophages, DCs, neutrophils [54] Implicated in migration and phagocytosis [53, 54] Listed are the purported receptors of the MK/PTN family, the expression of those receptors on immune cells, and comments about the known functions of those receptors in immunity.
suggesting that the proangiogenic activity of MK/PTN is not central to their function in tissue homeostasis.
MK and PTN are expressed in inflammatory conditions, including atherosclerosis [71] , experimental autoimmune encephalitis [106, 107] , and rheumatoid arthritis [73, 108, 109] and in models of ischemia-reperfusion injury [92, 94] . Preclinical models of these pathologic indications have yielded insight into the function of MK/PTN in the immune system, as we will discuss in the following sections.
MK/PTN EXPRESSION AND FUNCTION IN THE LYMPHOID ARM OF IMMUNITY
MK, but not PTN, is expressed by human peripheral blood lymphocytes from healthy donors, and the expression of MK is transiently and robustly increased in T cells in response to CD28 activation, IL-2, IFN-g, or phytohemagglutinin [76] . MK appears to bind and interact with NCL on the surface of T lymphocytes [63] . Furthermore, MK colocalizes with NCL on the cell surface and in nucleoli of phytohemagglutinin-stimulated T cells, suggesting that NCL may be responsible for the internalization and nuclear localization of MK. MK binds to the C-terminal RGG domain of NCL, and this interaction is proteoglycan independent [63] infection, demonstrating that the function of MK in blocking HIV-1 infection can be mediated in a paracrine fashion [76] . NCL-binding and HIV-blocking activities have also been validated for PTN [64] . NCL-dependent cell-surface binding of PTN was inhibited in the presence of excess HB-19 or MK, suggesting that PTN and MK recognize the same region on NCL [64] . In PBMCs, PTN is mitogenic and induces the expression of IL-6, TNF-a, and IL-1b [88] . The increase in these cytokines via PTN, however, promotes HIV-1 replication in PBMCs infected in vitro or in PBMCs derived from patients with AIDS, an effect potentiated by IL-2 [89] . When lymphocytes (B and T cells) and monocytes were treated separately, the induction of proinflammatory cytokine production by PTN was greatly reduced, and no virus replication occurred [89] . This suggests that PTN's capacity to modulate proinflammatory cytokine expression works via an undefined mechanism in a heterogenous population of immune cells that may be mediated, in part, by NCL.
PTN is expressed highly in the lymph nodes of MRL-lpr/lpr mice, which is a model of Th1-type autoimmune disease [72] . In [39, 42] . Integrins: MK can directly interact with a4b1 and a6b1 integrins [50] , whereas PTN interacts with avb3 [51] ; those interactions promote cell migration [50, 51, 58] . Lrp1: MK interacts with a4b1 and a6b1, whereas PTN interacts with avb3. Lrp1 drives macrophage/neutrophil haptotaxis [140] . Nucleolin: MK/PTN interaction with nucleolin promotes MK/PTN nuclear localization, cell migration, and survival [58, 67, 68] . this model, there is lymphoaccumulation of double-negative T cells. The administration of high-molecular-weight hyaluronan, which antagonizes TLR4 activation and perturbs LPS-mediated lethality [110] , greatly reduces the enlargement of submandibular lymph nodes, correlating with decreased PTN expression. Treating double-negative T cells isolated from this model with PTN attenuates apoptosis, suggesting that the presence of PTN in lymph nodes may support the accumulation of double-negative T cells, outlining a possible role for PTN in T cell survival. If surface NCL promotes double-negative T cell survival as it does in other cell types, then PTN/NCL may promote survival in this context based on the following observations: 1) the HB-19 peptide, which prevents PTN/NCL binding, decreases the proliferation and migration of HUVECs in vitro in an NCL-dependent manner [111] ; 2) in the chick embryo chorioallantoic membrane assay, PTN is endogenously expressed and promotes angiogenesis mediated by NCL [68] ; 3) HB-19 reduces angiogenesis in the chorioallantoic membrane assay [112] ; and 4) as stated above, the MK/PTN family adheres to T cells, at least in part, through surface NCL, which is blocked by HB-19 [63, 64] . Certainly more research is required to support this hypothesis.
MK promotes B cell survival in vitro and in vivo [42] . This is mediated through RPTP-b because B cells isolated from RPTPb-null mice fail to respond to MK. RPTP-b-null B cells also fail to respond to macrophage migration inhibitory factor or hepatocyte growth factor, which may induce B cell survival through induction of MK expression [42] . Furthermore, RPTPb-null mice have reduced mature B cells in the bone marrow, spleen, and lymph nodes, indicating an in vivo function of MK/RPTP-b signaling in lymphoid tissue B cell survival. Given PTN's ability to promote cell survival upon RPTP-b ligation in other cell types [40] , it may also support B cell survival, underlying the importance of observing MK/PTN biology concomitantly.
MK/PTN, INFLAMMATION, AND CANCER: SCULPTING THE PHENOTYPE OF MYELOID CELLS
The MK/PTN family is highly expressed in multiple human cancers, including breast, pancreas, lung, and hematopoietic malignancies (for review, see Papadimitriou et al. [10] ). Knowledge from preclinical models of cancer has yielded insight into the processes in which the MK/PTN family participates. MK/PTN is implicated in tumor angiogenesis as proliferative drivers and factors in the resistance to apoptosis. For example, MCF7 cancer cells stably transfected to express high levels of PTN grow robustly after in vivo injection in comparison to control transfected or untransfected MCF7 cells. This effect is mediated by PTN-driven extracellular matrix remodeling, increased angiogenesis, and stimulation of stromal cells in the tumor microenvironment [113] . Further, MMTV-PyMT transgenic mice engineered to overexpress PTN (MMTV-PyMT-PTN) display more rapid development of scirrhous, carcinoma-type breast-cancer foci; scirrhous carcinoma is characterized by increased desmoplasia, and it positively correlates clinically with increased lymph node metastasis [114] (although this was not assessed in MMTV-PyMT mice). MMTV-PyMT-PTN tumors also exhibit increased extracellular matrix deposition and angiogenesis [113] . Similarly, in the SW-13 adrenal carcinoma line, the ectopic expression of PTN greatly increased tumor growth and angiogenesis in vivo [115] . These data support a function of PTN in tumor progression that centers on stromal cell activity, which may include tumor-associated myeloid cells as effectors of PTN.
MK also drives tumor growth [116] . In the Lewis lung carcinoma model, MK-null mice had significantly reduced pulmonary metastasis [117] . Given MK's function in PMN recruitment (discussed below) and the ability of MDSCs to support metastasis, it would be interesting to see if PMN-MDSC numbers are reduced in Lewis lung tumors in MK-null mice.
The effect of the MK/PTN family on angiogenesis is thought to be through the promotion of endothelial cell proliferation and tube formation [10] . However, there are conflicting reports about the angiogenic capacity of MK/PTN on primary endothelial cells in vitro, particularly in the context of how MK/PTN affect the principal angiogenic growth factor VEGF-A [10, 62, 81, 118] . Concomitant with the absence of vascular anomalies in PTN-null embryos [7] , this suggests that the mechanisms behind PTN-mediated tumor angiogenesis may, in part, be due to its effects on other cell types in the tumor microenvironment. In fact, the effects of PTN on tumor angiogenesis may be mediated by its effects on myeloid cells. In 2006, Sharifi et al. [74] identified that PTN-transfected THP-1 monocytic cells downregulate myeloid cell markers and up-regulate endothelial cell markers, including Tie-2, Vegfr2, and VE-cadherin [74] . PTNtransfected THP-1 cells also integrate into developing vasculature. In 2009, Chen et al. [119] demonstrated that treating primary CD14
+ human monocytes with a combination of macrophage CSF, VEGF-A, and PTN drove expression of Tie-2, Vegfr2, and VE-cadherin [119] . In addition, a combination of macrophage CSF and PTN drove CD14 + human monocytes to form tube-like structures in vitro. Additionally, CD14 + cells cocultured with multiple myeloma cells expressed Vegfr2, Tie2, and von Willebrand factor, which was inhibited by a PTN function-blocking Ab. Lastly, Palmieri et al. [120] observed that PTN also drives Nrp-1 and VEGF-A expression in THP-1 monocytes [120] , which is consistent with the report that Nrp-1 is required for PTN-mediated migration of HUVECs and prostate cancer cell lines [121] .
In the context of primary monocytes, it is possible that PTN may support the expansion of the CD14 + Vegfr2
+ subset of myeloid-lineage endothelial progenitor cells, which normally constitute approximately 2-4% of circulating CD14 + cells [122, 123] . Interestingly, there is a population of MDSCs that is reported to express Vegfr2, and Vegfr2 may be important for MDSC expansion and chemotaxis [124, 125] . For example, the selective ligation of Vegfr2 in mice leads to the expansion of splenic MDSCs [126] . Furthermore, Vegfr2 signaling promotes MDSC and macrophage chemotaxis in preclinical models of breast and pancreatic cancer, which may be mediated by PTNdriven Vegfr2 expression by those cells [124, 125] [127] . However, the receptor imparting these effects was unidentified.
Mice null for the MK/PTN receptor Sdc4 were also studied in a murine model of EAE. Inverse to the MK-null mice, Sdc4-null mice had worse disease [128] . The mechanism explaining the phenotype also arrived at myeloid/T cell interactions. Binding of the DC receptor DC-HIL to Sdc4 on activated T cells reduces T cell activation. When this interaction is perturbed, either by targeting DC-HIL on myeloid cells or Sdc4 on T cells, there is an increase in T cell activation and EAE is exacerbated [128] . Furthermore, the suppressive effect of Sdc4 on T cell activation was demonstrated by direct ligation [129] . Given the opposing effects of MK and DC-HIL/Sdc4 perturbation in that model, it raises the question of the functional consequences of MK binding to Sdc4 on T cells. If MK competes with DC-HIL for binding Sdc4 and does not impair T cell activation when bound, it may function to potentiate T cell activation by disrupting DC-HIL/Sdc4 interaction, thus leading to worse disease. This would implicate a function of MK in immune checkpoint disruption, although more research is necessary to validate that.
MK/PTN FUNCTION IN MYELOID ADHESION AND CHEMOTAXIS
Evidence from multiple models of inflammation implicates MK as a key factor in inflammatory cell infiltration. In preclinical models of kidney ischemia/reperfusion injury, rheumatoid arthritis [109] , atherosclerosis [95, 130] , and EAE [107] , MKdeficient mice exhibited significantly less tissue damage, which is associated with a reduction in leukocyte infiltration [92, 131, 132] . Specifically, in models of rheumatoid arthritis [109] , kidney inflammation [92, 131, 132] , and atherosclerosis [95] , MK deficiency was associated with reduced neutrophil and macrophage recruitment at the site of injury. Takada et al. [108] demonstrated that MK possesses chemotactic activity toward neutrophils in vitro [133] . Sato et al. [92] postulated that the reduced neutrophil and macrophage infiltration in MK-null mice in the ischemic renal injury model was due to a concomitant decrease in the chemokines MIP-2 and MCP-1. However, in a cisplatin-induced renal injury model, neutrophil recruitment was reduced in MK-null mice, but no change in a panel of chemokines was observed [131] . In the latter model, macrophage infiltration was not significantly decreased, and no change in MCP-1 was observed, suggesting that the stimulus for inflammation or injury may affect the expression and subsequent contribution of MK to immune cell infiltration. Perhaps the fate of MK activity rests on the expression of MK receptors, which may be affected differentially based on the nature of the stimulus.
Recently, Weckbach et al. [134] gained insight into how MK may mediate neutrophil infiltration in vivo, independent of its ability to induce the expression of other chemokines [134] . Weckbach et al. [134] observed that MK deficiency reduced leukocyte adhesion to cremaster muscle venules upon TNF-a stimulation, whereas the number and velocity of rolling leukocytes was unaffected. In a hindlimb ischemia model, MK deficiency reduced PMN extravasation into inflamed tissue, which could be rescued by the introduction of exogenous MK. In an in vitro static adhesion assay, immobilized MK promoted PMN adhesion, whereas soluble MK had no effect. This corroborated the results from Takada et al. [108] , which demonstrated that immobilized, not soluble MK has chemotactic activity toward neutrophils [133] . Weckbach et al. [134] observed that CD18 was not required for MK binding to PMN cells but is required for MKmediated PMN adhesion. Lastly, Weckbach et al. [134] demonstrated that Lrp1 is required for binding and activity of MK in PMN cells, suggesting that signaling downstream of this receptor promotes a high-affinity conformation of CD18. Indeed, using an Ab that recognizes the high-affinity conformation of CD18 (mAb-24), it was demonstrated that PMNs bound to immobilized MK possessed increased high-affinity CD18. This increase was perturbed by using an inhibitor of Lrp1 [134] .
Although PTN and MK share many receptors and activities, PTN was not studied in that context. Given that PTN expression is elevated in atherosclerosis [71] , ischemic brain injury [135] , and EAE [106] , it would be interesting to determine the effects of PTN deficiency on leukocyte infiltration in preclinical models of inflammatory disease.
MK/PTN FUNCTION IN HEMATOPOIESIS
In the bone marrow, endothelial cells of the HSC niche produce PTN [11] . PTN expands long-term HSCs in vitro, and PTN-null bone marrow has significantly less long-term HSCs, suggesting that PTN is a critical HSC maintenance factor [11, 49] . Consistent with that idea, the administration of recombinant PTN helps alleviate myelosuppression and greatly improves survival of lethally irradiated mice. In that context, PTN administration increased the frequency of granulocyte-erythroidmacrophage-megakaryocyte CFUs, the multipotent progenitors of myeloid cells. Mechanistically, PTN-driven expansion of bone marrow c-Kit [40] . Aberrant activation of Ras in hematopoietic cells can drive myeloproliferative disorders and leukemia, but the function of PTN in that context is undetermined [136, 137] . Overall, these data underlie the ability of PTN to influence yet another component of the hematopoietic lineage.
CONCLUSIONS/FUTURE DIRECTIONS
The expression of the MK/PTN family by stimulated immune cells and in inflammatory disease posits a role for these cytokines in inflammation. From the maintenance of HSCs, B cell survival, and myeloid cell recruitment to mediators of immune modulatory cytokine expression, this cytokine family possesses pleiotropic effects on the hematopoietic lineage from top to bottom. How the functions of MK and PTN differ from one another is a question of great biologic interest. Given the shared receptors, functions, and gene dosage effect of MK/PTN DKO mice, it appears that studying these cytokines simultaneously in preclinical models of inflammation and cancer is largely overlooked. In future studies, it will be fruitful for investigators of the MK/PTN family to study both cytokines concomitantly.
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